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PREFACE

While considerable research has been conducted on contaminant transfer from soil to earthworms,
most studies focus on only a single location, and external validation of transfer models has not been
performed. The purpose of this document, then, was to develop a database of soil and tissue
concentrations for 9 inorganic and 2 organic chemicals based on data from 31 studies from 11
countries and 5 states. This information will form a critical component in many ecological risk
assessments performed on the Oak Ridge Reservation. Related plant and small mammal data are
presented in companion reports ES/ER/TM-218 and ES/ER/TM-219, respectively.

This work was performed under Work Breakdown Structure 1.4.12.2.3.04.05.02, Activity Data
Sheet 8300 (CCADS-8323).
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EXECUTIVE SUMMARY

Estimation of contaminant concentrations in earthworms is a critical component in many
ecological risk assessments. Without site-specific data, literature-derived uptake factors (UFs) or
models are frequently used. While considerable research has been conducted on contaminant transfer
from soil to earthworms, most studies focus on only a single location. External validation of transfer
models has not been performed.

We developed a database of soil and tissue concentrations for 9 inorganic (As, Cd, Cr, Cu, Hg,
Mn, Ni, Pb, and Zn) and 2 organic [polychlorinated biphenyls (PCBs) and tetrachlorodibenzo-p-dioxin
(TCDD)] chemicals based on data from 32 studies from 11 countries and 5 states. Only studies that
presented “total” concentrations in depurated earthworms were included. UFs— earthworm
concentration/soil concentration— and regression models of natural-log-transformed concentrations
of each analyte in soil and earthworms were developed. Multiple regression models incorporating soil
pH and log-transformed soil Ca were also developed. Models were developed using data from 26
studies and then were applied to the data from the remaining 6 studies. Estimated and observed
earthworm concentrations were compared using nonparametric Wilcoxon signed-rank tests. Relative
accuracy and quality of different estimation methods were evaluated by calculating the proportional
deviation ([measured - estimate]/measured) of the estimate from the measured value and the percentage
of estimates that exceeded measured values.

With the exception of Cr, significant, single-variable (e.g., soil concentration) regression models
were fit for each analyte. Inclusion of soil Ca improved model fits for Cd and Pb. Soil pH only
marginally improved model fits. The best general estimates of chemical concentrations in earthworms
were generated by simple ln-ln regression models for As, Cd, Cu, Hg, Mn, Pb, Zn, and PCBs. No
method accurately estimated Cr or Ni in earthworms. The best conservative estimates of chemical
concentrations in earthworms were generated by the upper 95% prediction limit for the simple ln-ln
regression models for Cd, Cu, Hg, Zn, and PCBs. The 90th percentile UFs generated the best
conservative estimates for As, Cr, and Pb. While multivariate regression models including pH
generated better estimates for a few analytes, in general, the  predictive utility gained by incorporating
environmental variables was marginal.

Because the available data indicate that bioaccumulation by earthworms is non-linear, decreasing
as soil concentration increases, and UFs implicitly assume that accumulation is linear and constant
across all soil concentrations, the use of log-linear regression models to estimate earthworm
bioaccumulation is recommended. For applications where conservative estimates are desired, the upper
95% prediction limit on the simple regression is recommended. 
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1. INTRODUCTION

Estimation of the risks that soil contamination presents to vermivorous (e.g., earthworm-eating)
wildlife requires measuring the contaminant concentration in earthworms. These data may be acquired
either by direct measurement or estimation. Direct measurement consists of collecting and analyzing
contaminant concentrations in earthworms from contaminated sites. Because this approach provides
information on the actual contaminant loading in on-site earthworms, direct measurement contributes
the least uncertainty to exposure estimates and is therefore the preferred approach. However, for
various reasons (incompatible sampling schedule; insufficient time, personnel, or finances to support
field sampling; etc.), direct measurement may not be feasible. When direct measurement of
contaminants is not possible, estimation is the only alternative.

Contaminant loads in earthworms may be estimated using uptake factors (UFs) or empirically
derived regression models. UFs, the ratios of  contaminant concentrations in earthworms to those in
soil,  are the simplest method for estimating contaminant loads in earthworms. In practice, if the
contaminant concentration in soil is known (likely in almost all retrospective ecological risk
assessments), the concentration in earthworms may be estimated by multiplying the soil concentration
by the UF. The use of UFs depends on the assumption that the concentration of chemicals in organisms
is a linear,  no-threshold function of concentrations in soil. This is expected to be the case for
xenobiotic chemicals like polychlorinated biphenyls (PCBs) that are passively accumulated and not
metabolized to any significant extent. It will not be the case if the chemical in question is well-
regulated by the organism, either because it is an essential nutrient or because it is a toxicant with
effective inducible mechanisms for metabolism or excretion. Such regulated chemicals will, within the
effective concentration range for the mechanism, have nearly constant concentrations in earthworms
regardless of soil concentrations, except at deficient concentrations.

Various complex patterns are also possible due to lack of induction at low concentrations,
saturation kinetics at high concentrations, toxicity at high concentrations, or other processes. Despite
these situations that lead to violation of the assumptions, UFs are commonly used in risk assessments.
Published sources of earthworm UFs are summarized in Table 1.

Regression models are another approach to estimating contaminant concentrations in earthworms.
These models are generally simple linear or log-linear regressions of the soil contaminant concentration
on the earthworm concentration. Soil pH, soil Ca concentration, percent organic matter in soil, etc.,
may also be included in the models as predictive parameters (e.g., Beyer et al. 1987, Corp and Morgan
1991). Published sources of earthworm uptake models are summarized in Table 1.

While there has been considerable research concerning the uptake of soil contaminants by
earthworms, most studies use data from a limited number of locations and focus on a limited number
of analytes. In addition, no studies have attempted to validate the accuracy of UFs or models in
predicting contaminant concentrations in earthworms at other locations. The purpose of this report was
to assemble a database of soil and earthworm contaminant concentration data from published literature
for a wide range of contaminants, develop UFs and other bioaccumulation models from these data, and
then evaluate the accuracy of the estimates using independent data that was not included in the model
development. The validation step allows the reliability of the models to be determined.
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Table 1. Summary of sources of soil-earthworm UFs and uptake models

Study Location Analytes with  UFs Analytes with Models Reference

Pennsylvania, USA Cd, Cu, Pb, Ni,  and
Zn

Cd Beyer et al. 1982

Maryland, USA Pb, Cu, Cd, and Se Beyer et al. 1987

Finland Al, Cd, Cu, Fe, Hg,
Mn, V, and Zn

Braunschweiler 1996

Wales, Great Britain Pb Ca, Cd, Cu, Pb, and Zn Corp and Morgan
1991

Warsaw, Poland Cd, Cu, Pb, Zn Czarnowska and
Jopkiewicz 1978

Germany Cd, Pb, and Zn Emmerling et al. 1997

Denmark Se Nielsen and Gissel-
Nielsen 1975

Netherlands Cd, Cu, Mn, Ni, Pb,
and Zn

Hendriks et al. 1995

Netherlands Cd, Cr, Cu, Fe, Mn,
Ni, Pb, and Zn

Pb and Zn Ma 1982

Netherlands Cd, Cu, Pb, and Zn Ma et al. 1983

Seveso, Italy TCDD Martinucci et al. 1983

Models fit to data
from multiple
locations.

Cd, Cu, Ni, Pb, and Zn Neuhauser et al. 1995

Montana, USA As, Cd, Cu, and Zn Pascoe et al. 1996

Illinois, USA Cd, Cr, Cu, Ni, and Pb Pietz et al. 1984

Reading, Great
Britain

Cd, Cu, Pb, and Zn Cd, Cu, Pb, and Zn Spurgeon and
Hopkins 1996

Tennessee, USA Cd, Pb, Zn Van Hook 1974

TCDD = tetrachlorodibenzo-p-dioxin

In this report, both UFs and regression models were developed and tested, because, while
regression models are most likely to consistently provide the best estimate of earthworm body burdens,
UFs are required by some regulatory agencies. In addition,  when no regression model fits the uptake
data well, a conservative UF may be employed in screening assessments to determine whether site-
specific studies are needed. The models presented in this report will facilitate the more accurate
estimation of contaminant exposure experienced by earthworm-consuming wildlife on the Oak Ridge
Reservation (ORR) and at other contaminated sites. Additional models for estimating contaminant
bioaccumulation by sediment biota, plants, and small mammals are presented in Jones et al. (1998),
Efroymson et al. (1998), and Sample et al. (1998).
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2. MATERIALS AND METHODS

2.1 DATABASE DEVELOPMENT

A literature search was performed for studies that reported chemical concentrations in co-located
earthworm and soil samples. To ensure relevancy to field situations, only field studies in which resident
earthworms were collected were considered. All earthworm tissue burdens were therefore assumed to
be at equilibrium with soil concentrations. Because soil residues in the earthworm gastrointestinal (GI)
tract may be highly variable and therefore may significantly bias body burden measurements, only
depurated earthworms were included. Samples in which the GI tract had been dissected or manually
flushed were also considered suitable.

To ensure comparability of data, only “total” chemical analyses of both soil and earthworms (e.g.,
resulting from extractions of metals using concentrated acids) were included. Data resulting from
diethylenetriaminepentaacetic acid (DTPA), acetic acid, and other mild extraction methods were
excluded. The mean (or composite) chemical concentration in soil and earthworms reported for each
sampling location evaluated in each study was considered an observation. If data for multiple
earthworm species were reported at a site, each was considered a separate observation. Soil and
earthworm data in the database were reported as mg/kg dry weight. If studies reported earthworms in
terms of wet weight concentrations, dry weight concentrations were estimated assuming a 84% water
content (EPA 1993). Data concerning earthworm species, soil pH, % organic matter (OM), cation
exchange capacity (CEC), soil texture, and soil Ca concentration (mg/kg dry wt) were included in the
database whenever reported. Summaries of the analytical methods and data presented for each study
included in the database are presented in Appendix A. The earthworm bioaccumulation database is
presented in Appendix B.

2.2. MODEL DEVELOPMENT AND VALIDATION

The earthworm bioaccumulation database was segregated into two groups. Twenty-six studies
were assigned to the “model” dataset and were used for model development. The remaining six studies
were designated the ‘validation’ dataset and were employed to test the accuracy and predictive utility
of the UFs and bioaccumulation models. Segregation of studies into model and validation datasets was
arbitrary and based on the sequence of when copies of the studies were acquired (i.e., the final six
studies obtained were used for the validation dataset).  Because sampling and analytical variability and
environmental characteristics are likely to be correlated among data from the same study, it was
assumed that data from wholly independent studies (e.g., studies from which no data were included
in the model development) would be unbiased and would provide a better test of the UFs and models
than would randomly selected observations extracted from the total dataset. 

UFs, (contaminant concentration in earthworms/contaminant concentration in soil), were
calculated for each observation and analyte in the model dataset. Summary statistics were generated
for each analyte. The Shapiro-Wilk test  (PROC UNIVARIATE; SAS Inst. Inc. 1988a) was applied
to the untransformed and natural-log transformed UFs for each analyte to determine whether the
distribution of the UFs was normal or log-normal, respectively.

To evaluate if there was a linear relationship between the contaminant concentration in soil and
that in earthworms, simple and multiple regressions were performed using SAS PROC REG (SAS
Inst. Inc. 1988b). Contaminant concentrations in both soil and earthworms were natural-log (ln)
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transformed prior to regression analyses. Because data concerning the number of individuals included
in composites or means were not available for all observations, no weighting of observations was
applied. Simple linear regression models of ln-earthworm concentration on ln-soil concentration were
developed for each analyte. Multiple regression models incorporating soil pH and ln soil Ca
concentration, singly and combined, were developed for each analyte for which adequate data were
available.

UFs and regression models developed from the “model” dataset were applied to the soil
concentration data in the “validation” dataset, and estimated contaminant concentrations in earthworms
were generated. To evaluate the appropriateness and accuracy of various methods for generating
estimates for general application, estimated concentrations in earthworms  were generated using the
median UF, simple and multiple regression  models developed in the current study, and selected
published bioaccumulation models (Table 2). Because conservative estimates are needed for some
purposes (e.g., screening assessments), estimates were also generated using the 90th percentile UF and
the upper 95% prediction limit (95% UPL) for the simple regression model from this study. The 95%
UPL was calculated according to Dowdy and Wearden (1983).

Table 2. Selected earthworm bioaccumulation models from the literature

Analyte Model Reference

Cd log (worm)a = 0.66 log (soil)a + 1.21 Neuhauser et al. 1995

Cu log (worm) = 0.57 log (soil) + 0.39 Neuhauser et al. 1995

Pb log (worm) = 0.74 log (soil) + 0.05 Neuhauser et al. 1995

Ni log (worm) = 0.98 log (soil) + 0.67 Neuhauser et al. 1995

Zn log (worm) = 0.27 log (soil) + 2.09 Neuhauser et al. 1995

Se log (worm) = 1.07 +  (soil Ca)b Beyer et al. 1987

Se worm = 8.7 (soil) + 6.4 Nielsen and Gissel-Nielsen 1975
a All concentrations expressed as mg/kg dry weight, unless otherwise noted.
b Soil Ca expressed as meq/100 g.

For each analyte and estimation method (e.g., UF, models from this study, published models,
etc.), differences between estimated and measured concentrations in validation earthworms were
evaluated using Wilcoxon signed-rank tests (PROC UNIVARIATE; SAS Inst. Inc. 1988a).
Differences were considered significant if p(H0=0)#0.05. Relative accuracy and quality of different
estimation methods were evaluated by calculating the proportional deviation of the estimate from the
measured value:

 PD = (Mi - Ei) / Mi

where
PD = proportional deviation
Mi = measured concentration for chemical in earthworm at soil concentration (I)
Ei = estimated concentration for chemical in earthworm at soil concentration (I)

Negative values for PD indicate overestimation while positive PD values indicate underestimation. The
percentage of estimated values that exceeded their corresponding measured value was also
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tabulated for each chemical and estimation method. Relative quality of general estimation methods was
evaluated by the following criteria:

1. median PD closest to 0 (indicates estimates center around measured values),
2. PD with narrowest range (indicates relative accuracy of method), 
3. percentage overestimation closest to 50% (indicates estimates center around measured

values), and
4. difference between estimated and measured values not significantly different as determined

by Wilcoxon signed-rank tests.

Relative quality of conservative estimation methods was evaluated by

1. smallest, negative median PD value (indicates method overestimates while minimizing the
degree of overestimation) and

2. PD with narrowest range (to minimize the degree of overestimation); 

In addition to the use of PD values, a graphical evaluation of measured versus estimated
concentrations in earthworms was performed by plotting the earthworm concentrations against the
corresponding  measured soil concentration.

Linear regressions of the natural-log transformed earthworm and soil “validation” data were
performed and compared to simple models (i.e., soil concentration only) developed from the “model”
dataset using the F-test procedure for comparing regression lines outlined in Draper and Smith (1981).
Differences were considered significant if p#0.05. 

Following validation analyses, the “model” and “validation” datasets were pooled, and UFs and
simple and multiple regression models were recalculated. These results were reported as the final UF
or model. 

Data for additional analytes were present in the “validation” dataset that were unrepresented in
the “model” dataset. UFs were generated and summary statistics and distributions were determined for
these analytes. Because these data represent only a single study, the remedial investigation for the Bear
Creek Valley on the ORR, regression models were not fit to these data. These data are presented in
Appendix C.
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3. RESULTS

3.1 MODELING RESULTS

A total of 32 studies were identified that contained data suitable for inclusion in the earthworm
bioaccumulation database (Appendix A). The “model” portion of the database consisted of 26 studies,
representing 11 countries and 5 states. Data from the remaining 6 studies, representing Spain, Great
Britain and the United States (Tennessee),  were retained for validation purposes. Scatterplots of the
observations from the “model” and “validation” datasets are presented in Figs. 1 through 6.

UFs and simple regression models were developed for nine inorganic and two organic chemicals
(Tables 3 and 4). The number of studies available for each analyte ranged from a minimum of two
studies for Mn, PCBs, and tetrachlorodibenzo-p-dioxin (TCDD) to a maximum of 17 studies for Cd
(Table 3). With the exception of As and Ni, the distribution of all UFs was best described by the
lognormal distribution (Table 3); As and Ni were best fit by a normal distribution. Median UFs for
6 chemicals (As, Cr, Cu, Mn, Ni, and Pb) were <1, indicating no biomagnification (Table 3). Median
UFs>1 were observed for the remaining 5 chemicals (Cd, Hg, Zn, PCB, and TCDD; Table 3). [Note:
the mean and standard deviation of the natural-log-transformed UFs are presented as parameters for
describing the UF distributions for those analytes best fit by a lognormal distribution. While the
untransformed UFs are best fit by a lognormal distribution, the natural-log-transformed UFs are
normally distributed. These parameters may be used in two ways. They may be applied to normal
distribution functions in Monte Carlo simulation software, however the output from the Monte Carlo
sampling from this distribution must be back-transformed (e.g.,  ey, where y=sampling result).
Alternatively, they may be incorporated into the LOGNORM2 function in the @RISK Monte Carlo
simulation software (Palisades Corp. 1994) or equivalent functions in other software. Use of the
LOGNORM2 function requires no back-transformation. Comparable results are obtained using either
approach.] 

Regression of ln (earthworm) on ln (soil) produced significant model fits for all chemicals except
Cr (Table 4). With the exception of Ni, slopes of all significant regression models were positive (Table
4; Figs. 1 through 6). Intercepts differed significantly from 0 for all chemicals except Hg, Mn, and Pb
(Table 4). r2 values for the significant models ranged from 0.22 (Cu) to 0.93 (PCB and TCDD).

Additional descriptive variables (e.g., pH, soil Ca concentration) were not available for all
observations included in the “model” dataset; addition of these variables resulted in decreases in
sample sizes. Consequently, the simple and multiple regression models are not directly comparable.
While inclusion of soil pH in the regression model resulted in significant model fits for six chemicals
(Table 5), only for Ni, Pb, and Zn did pH contribute significantly to the model fit. In the case of Ni,
pH contributed significantly to the model fit while soil Ni did not (Table 5). Correlation analysis
indicated no correlation between that soil Ni and soil pH (r=0.31, p=0.3).  

Inclusion of ln soil Ca resulted in significant model fits for five chemicals (Table 6), however,
only for Cd and Pb did soil Ca contribute significantly to model fit. When both soil Ca and soil pH
were included in the model, significant fits were obtained for Cd, Cu, Pb, and Zn, albeit with
dramatically reduced sample sizes (Table 7). For each chemical only two of the three dependent
variables included contributed significantly; soil and pH for Cu, Pb, and Zn and soil and soil Ca for
Cd (Table 7).
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Fig. 1.  Scatterplot of model and validation As and Cd data. Lines represent simple linear regression
models of natural-log-transformed data for both model (solid) and validation (dashed) datasets.  Dotted lines
represent 95% prediction interval for model data. Regression models for model and validation datasets
differed significantly (p<0.0001) for both As and Cd.
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Fig. 2.  Scatterplot of model and validation Cr and Cu data. Lines represent simple linear regression models
of natural-log-transformed data for both model (solid) and validation (dashed) datasets.  Dotted lines represent
95% prediction interval for model data. Regression models for model and validation datasets differed significantly
(p<0.001) for Cr; models did not differ (p=0.28) for Cu.
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Fig. 3.  Scatterplot of model and validation Hg and Mn data. Lines represent simple linear regression models
of natural-log-transformed data for both model (solid) and validation (dashed) datasets.  Dotted lines represent
95% prediction interval for model data. Regression models for model and validation datasets differed significantly
(p<0.001) for Hg; models did not differ (p=0.54) for Mn.
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Fig. 4.  Scatterplot of model and validation Ni and PCB data. Lines represent simple linear regression models
of natural-log-transformed data for both model (solid) and validation (dashed) datasets.  Dotted lines represent
95% prediction interval for model data. Regression models for model and validation datasets differed significantly
(p<0.01) for both Ni and PCB.
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Fig. 5.  Scatterplot of model and validation Pb and Zn data. Lines represent simple linear regression models
of natural-log-transformed data for both model (solid) and validation (dashed) datasets.  Dotted lines represent
95% prediction interval for model data. Regression models for model and validation datasets differed significantly
(p<0.0001) for Zn; models did not differ (p=0.49) for Pb.
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Fig. 6. Scatterplot of model data for TCDD. Line represents simple linear regression model of natural-log-
transformed data. Validation data were unavailable for this chemical.



Table 3. Summary statistics for literature-derived soil-to-earthworm UFs

Analyte
N

(Studies)
N

(Observations) Mean
Standard
Deviation Minimum Median

90th
Percentile Maximum

Mean of
Natural Log-
transformed

values

Standard
Deviation of
Natural Log-
transformed

values Distribution

As 3 36 0.2656 0.2116 0.0164 0.2361 0.5214 0.9250 normal

Cd 17 114 27.1682 37.5895 0.4286 14.2603 66.0377 190.0000 2.58768 1.28036 lognormal

Cr 5 48 0.7080 1.1496 0.0212 0.1607 2.7000 5.3680 -1.48636 1.5555 lognormal

Cu 13 103 0.9283 0.9135 0.0130 0.6364 2.2807 4.8890 -0.57464 1.14691 lognormal

Hg 4 15 8.5537 11.0986 0.0488 3.9334 30.0000 33.0000 1.16596 1.77202 lognormal

Mn 2 16 0.0742 0.0551 0.0249 0.0605 0.1646 0.2280 -2.80288 0.62809 lognormal

Ni 3 17 0.9200 0.7418 0.0333 0.7778 1.8881 2.8330 normal

Pb 15 119 6.3297 26.7336 0.0007 0.2250 4.3243 228.2610 -1.10093 2.05196 lognormal

Zn 15 123 8.2364 11.0731 0.0247 3.7816 25.0000 49.5100 1.03218 1.83458 lognormal

PCB 2 16 14.1790 14.4186 4.3333 10.6667 23.4945 65.2270 2.40307 0.64066 lognormal

TCDD 2 19 11.7404 9.8083 1.1905 11.0108 22.2290 42.0680 2.1132 0.8918 lognormal

14
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Table 4. Results of regression of ln (earthworm) on ln (soil)
N B0±SE B1±SE r2 P model fit

As 36 -1.747±0.3542c 0.9884±0.1804c 0.47 0.0001

Cd 114 2.8216±0.0766c 0.5512±0.03343c 0.71 0.0001

Cr 48 2.3957±0.653c -0.146±0.1863NS 0.01 0.44

Cu 103 1.8059±0.1528c   0.2414±0.04503c 0.22 0.0001

Hg 15 0.0781±0.2594NS 0.3369±0.0915b 0.51 0.0028

Mn 16 -0.043±1.3719NS 0.5759±0.2096a 0.35 0.016

Ni 17 7.033±0.9409c -1.548±0.3097c 0.62 0.0002

Pb 119 0.0752±0.4153NS 0.7612±0.07586c 0.46 0.0001

Zn 123 5.0981±0.1384c 0.2373±0.0239c 0.45 0.0001

PCB 16 1.7903±0.2358c 1.2909±0.09404c 0.93 0.0001

TCDD 19 3.533±0.810c 1.182±0.074c 0.94 0.0001
model:   ln(earthworm)=B0+B1(ln[soil])
NS not significant:  p>0.05.
a p<0.05.
b p<0.01.
c p<0.001.

Table 5. Results of regression of ln (earthworm) on ln (soil) and pH
Analyte N B0±SE B1±SE B2±SE r2 P model fit

As 36 0.341±1.245NS 1.0908±0.1847c -0.41611±0.2384NS 0.51 0.0001

Cd 75 3.84±0.5653c 0.5482±0.04668c -0.15294±0.09318NS 0.67 0.0001

Cu 83 2.087±0.384c 0.2894±0.0517c -0.07384±0.069NS 0.29 0.0001

Ni 13 2.862±0.6393b -0.4625±0.2333NS 0.2074±0.0418c 0.72 0.0018

Pb 80 5.233±1.2657c 0.7253±0.1122c -0.82195±0.2299c 0.36 0.0001

Zn 86 4.453±0.3485c 0.234±0.02958c 0.12845±0.05867a 0.49 0.0001
model:  ln(earthworm)=B0+B1(ln[soil])+B2(pH)
NS not significant:  p>0.05.
a p<0.05.
b p<0.01.
c p<0.001.

Table 6. Results of regression of ln (earthworm) on ln (soil) and ln (soil Ca)
Analyte N B0±SE B1±SE B2±SE r2 P model fit

Cd 56 5.8213±0.5896c 0.8232±0.07248c -0.39236±0.0814c 0.81 0.0001

Cu 32 1.8809±0.3383c 0.1054±0.1002NS 0.07289±0.0758NS 0.36 0.0016

Mn 16 3.5354±3.7592NS 0.3611±0.2966NS -0.24575±0.2404NS 0.4 0.04

Pb 39 0.5998±0.9629NS 1.2419±0.1174c -0.42872±0.1034c 0.76 0.0001

Zn 54 5.8957±0.3803c 0.2797±0.0648c -0.10903±0.0836NS 0.5 0.0001
model:  ln(earthworm)=B0+B1(ln[soil])+B2(ln[soil Ca])
NS not significant:  p>0.05.
a p<0.05.
b p<0.01.
c p<0.001.
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Table 7. Results of regression of ln (earthworm) on ln (soil), ln (soil Ca), and pH
Analyte N B0±SE B1±SE B2±SE B3±SE r2 P

model
fit

Cd 29 5.29±1.0326c 0.89±0.1196c -0.5095±0.1462b 0.22896±0.1411NS 0.88 0.0001

Cu 27 2.4±0.3263c 0.29±0.05869c 0.0512±0.04412NS -0.12232±0.0581a 0.86 0.0001

Pb 12 3.61±1.0152b 0.9±0.1402c 0.1191±0.2115NS -0.82338±0.3315a 0.88 0.0005

Zn 29 4.16±0.74c 0.41±0.1289b -0.2986±0.2083NS 0.42723±0.2067a 0.75 0.0001
model:  ln(earthworm)=B0+B1(ln[soil])+B2(ln[soil Ca])+B3(pH)
NS not significant:  p>0.05.
a p<0.05.
b p<0.01.
c p<0.001.

3.2 VALIDATION RESULTS

Data for model validation were available for all nine organic chemicals and for PCBs. No
validation data were available for TCDD. While UFs and models for Se were not developed as part
of the current study, data were available to validate two published Se uptake models. 

Comparison of simple regression models for the “model” and “validation” data indicated that the
models differed significantly (p<0.01) for 7 of 10 chemicals:  As and Cd (Fig. 1), Cr (Fig. 2), Hg (Fig.
3), Ni and PCB (Fig. 4), and Zn (Fig. 5). No significant differences (p$0.28) between “model” and
“validation” regressions were observed for Cu (Fig. 2), Mn (Fig. 3), and Pb (Fig. 5).

Based on the full validation dataset, significant differences between measured and estimated
concentrations were observed for 7 of 10 chemicals for the median UF, 4 of 9 chemicals for the simple
regression model, and 4 of 5 chemicals for the models from Neuhauser et al. (1995; Table 8).  The
median UF and simple regression models overestimated concentrations for more than 50% of
observations for 7 of 10 and  7 of 9 chemicals, respectively (Table 8). In contrast, models from
Neuhauser et al. (1995) underestimated concentrations for >50% of observations for 5 of 5 chemicals
(Table 8). For all three estimation methods, median proportion deviations of estimated values from
measured values ranged from a minimum of -0.005 for the simple regression model for Cu to a
maximum of -6.35 for the median UF for Hg (Table 8). Using the selection criteria outlined previously,
the best estimates for As, Cu, Hg, Mn, PCB, Pb, and Zn were produced using the simple regression
model, for Cd using the model from Neuhauser et al. (1995), and for Cr using the median UF (Table
8). Graphical presentations of measured an estimated concentrations of analytes in earthworm for
given soil concentrations are presented in Figs. 7 through 17.

Because soil pH and soil Ca were reported for few observations in the “validation” dataset, fewer
data were available for validation of the multiple regression models that include these variables. Using
this reduced dataset, significant differences between measured and estimated concentrations were
observed for 4 of 6, 1 of 6, 2 of 6, 4 of 4,  and 4 of 4 chemicals for the median UF, simple  regression,
multiple regression w/pH, multiple regression with Ca, and the multiple regression with both pH and
Ca, respectively (Table 9). Of the five estimation methods, the multiple regression model that included
pH generated estimates with the smallest median and range PD values for As, Cd, and Cu, while the
simple regression model generated estimates with the smallest median and range PD values for Pb and
Zn (Table 9). Comparison of estimates using the Wilcoxon signed-rank test indicated that while
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estimates from the simple regression and the regression with pH differed significantly for As
(p=0.002), estimates did not differ significantly for Cd, Cu, Pb, or Zn (p>0.05).

Ni concentrations in earthworms were not estimated well by any method (Fig. 13). Using the
whole validation dataset, Ni estimates generated by the median UF and by the model from Neuhauser
et al. (1995) model did not differ significantly from measured values, while those based on the simple
regression model did (Table 8). Using the restricted validation dataset, significant differences between
estimated and measured values were observed for the median UF and the multiple regression including
pH; in contrast, no differences were observed for estimates from the simple regression model (Table
9). When viewed graphically, it is clear that estimates from the median UF, simple regression and the
Neuhauser et al. (1995) regression models do not reflect the measured data (Fig. 13). In contrast, while
the multiple regression model that included pH underestimated most observations, the estimates
generated by this model more closely reflect measured values than those from any other method. 

 Table 8. Comparison of quality of general estimation methods as determined by the proportional
deviation (PD) of the estimated values from measured values. PD = (measured - estimate)/measured.

Negative PD values indicate overestimates while positive PD values indicate underestimates 

Median UF Simple regression model
Regression model from
Neuhauser et al. 1995

Analyte N  Median PD
(range)

% Over
Estimated

 Median PD
(range)

% Over
Estimated

 Median PD
(range)

% Over
Estimated

 As 17 -1.62NS 65 -0.89NS 65

(-41.35 to 0.74) (-28.96 to 0.81)

 Cd 112 -1.98c 88 -4.73NS 74 -0.06a 40

(-55.34 to 0.85) (-43.15 to 0.79) (-6.91 to 0.94)

 Cr 19 0.76b 16

(-1.49 to 0.99)

 Cu 94 -0.51c 71 -0.005NS 51 0.22c 29

(-273.62 to 0.88) (-19.25 to 0.72) (-19.68 to 0.87)

 Hg 15 -6.35c 87 -2.31b 87

(-131.31 to 0.76) (-14.28 to 0.64)

 Mn 20 -0.55NS 60 -0.24NS 55

(-3.85 to 0.52) (-2.99 to 0.79)

 Ni 14 0.60NS 29 0.71a 36 0.75NS 29

(-19.60 to 0.90) (-0.60 to 1.00) (-11.09 to 0.94)

 PCB 16 -5.10b 88 -0.78a 81

(-65.67 to 0.53) (-29.61 to 0.82)

 Pb 126 0.29a 37 0.19c 40 0.28c 33

(-590.28 to 0.95) (-446.97 to 0.95) (-369.90 to 0.96)

 Zn 121 -0.32c 65 -0.28NS 60 0.93c 0

(-118.39 to 0.68) (-13.25 to 0.60) (0.09 to 0.97)
NS Estimate not significantly different from measured as determined by Wilcoxon signed-rank test.
a Estimate significantly different from measured as determined by Wilcoxon signed-rank test; p <0.05.
b Estimate significantly different from measured as determined by Wilcoxon signed-rank test; p<0.01.
c Estimate significantly different from measured as determined by Wilcoxon signed-rank test; p<0.001.
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Fig. 7.  Comparison of measured As concentrations in earthworms from the validation dataset to estimated As concentrations in earthworms.
Estimates were generated by applying UFs or models to the measured soil concentration from the validation dataset.  Measured As concentrations in
earthworms and estimates generated by the multiple regression model that included soil pH are represented as point values.  Estimates of As concentrations
in earthworms generated by the median UF, 90th percentile UF and simple regression model from this study are represented as lines.
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Fig. 8.  Comparison of measured Cd concentrations in earthworms from the validation dataset to estimated Cd concentrations in earthworms.
Estimates were generated by applying UFs or models to the measured soil concentration from the validation dataset.  Measured Cd concentrations in
earthworms and estimates generated by the multiple regression models that included soil pH, soil Ca, and both pH and Ca, and the regression model from
Beyer et al. (1987) are represented as point values.  Estimates of Cd concentrations in earthworms generated by the median UF, 90th percentile UF and
simple regression models from this study and from Neuhauser et al. (1995) are represented as lines.
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Fig. 9.  Comparison of measured Cr concentrations in earthworms from the validation dataset to estimated Cr concentrations in earthworms.
Estimates were generated by applying UFs to the measured soil concentration from the validation dataset.  Measured Cr concentrations in earthworms are
represented as point values.  Estimates of Cr concentrations in earthworms generated by the median and 90th percentile UFs are represented as lines.
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Fig. 10.  Comparison of measured Cu concentrations in earthworms from the validation dataset to estimated Cu concentrations in earthworms.
Estimates were generated by applying UFs or models to the measured soil concentration from the validation dataset.  Measured Cu concentrations in
earthworms and estimates generated by the multiple regression models that included soil pH, soil Ca, and both pH and Ca are represented as point values.
Estimates of Cu concentrations in earthworms generated by the median UF, 90th percentile UF and simple regression models from this study and from
Neuhauser et al. (1995) are represented as lines.
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Fig. 11.  Comparison of measured Hg concentrations in earthworms from the validation dataset to estimated Hg concentrations in earthworms.
Estimates were generated by applying UFs or models to the measured soil concentration from the validation dataset.  Measured Hg concentrations in
earthworms are represented as point values.  Estimates of Hg concentrations in earthworms generated by the median UF, 90th percentile UF and simple
regression model from this study are represented as lines.
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Fig. 12.  Comparison of measured Mn concentrations in earthworms from the validation dataset to estimated Mn concentrations in earthworms.
Estimates were generated by applying UFs or models to the measured soil concentration from the validation dataset.  Measured Mn concentrations in
earthworms are represented as point values.  Estimates of Mn concentrations in earthworms generated by the median UF, 90th percentile UF and simple
regression model from this study are represented as lines.
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Fig. 13.  Comparison of measured Ni concentrations in earthworms from the validation dataset to estimated Ni concentrations in earthworms.
Estimates were generated by applying UFs or models to the measured soil concentration from the validation dataset.  Measured Ni concentrations in
earthworms and estimates generated by the multiple regression model that included soil pH are represented as point values.  Estimates of Ni concentrations
in earthworms generated by the median UF, 90th percentile UF and simple regression models from this study and from Neuhauser et al. (1995) are
represented as lines.
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Fig. 14.  Comparison of measured Pb concentrations in earthworms from the validation dataset to estimated Pb concentrations in earthworms.
Estimates were generated by applying UFs or models to the measured soil concentration from the validation dataset.  Measured Pb concentrations in
earthworms and estimates generated by the multiple regression models that included soil pH, soil Ca, and both pH and Ca are represented as point values.
Estimates of Cu concentrations in earthworms generated by the median UF, 90th percentile UF and simple regression models from this study and from
Neuhauser et al. (1995) are represented as lines.
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Fig. 15.  Comparison of measured PCB concentrations in earthworms from the validation dataset to estimated PCB concentrations in earthworms.
Estimates were generated by applying UFs or models to the measured soil concentration from the validation dataset.  Measured PCB concentrations in
earthworms are represented as point values.  Estimates of PCB concentrations in earthworms generated by the median UF, 90th percentile UF and simple
regression model from this study are represented as lines.
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Fig. 16.  Comparison of measured Se concentrations in earthworms from the validation dataset to estimated Se concentrations in earthworms.
Estimates were generated by applying literature derived models to the measured soil concentration from the validation dataset.  Measured Se concentrations
in earthworms and estimates generated by the regression model from Beyer et al. (1987) are represented as point values.  Estimates of Se concentrations
in earthworms generated by the regression model from Nielsen and Gissel Nielsen (1975) are represented as lines.
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Fig. 17.  Comparison of measured Zn concentrations in earthworms from the validation dataset to estimated Zn concentrations in earthworms.
Estimates were generated by applying UFs or models to the measured soil concentration from the validation dataset.  Measured Zn concentrations in
earthworms and estimates generated by the multiple regression models that included soil pH, soil Ca, and both pH and Ca are represented as point values.
Estimates of Zn concentrations in earthworms generated by the median UF, 90th percentile UF and simple regression models from this study and from
Neuhauser et al. (1995) are represented as lines.
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Table 9. Comparison of quality of general estimation methods as determined by the proportional deviation (PD) of the estimated values from measured
values. PD = (measured-estimate)/measured. Negative PD values indicate overestimates while positive PD values indicate underestimates. Only observations

from the “validation” dataset for which soil pH and soil Ca measurements were available were included
Median UF Simple regression model Regression model 

w/ pH
Regression model 

w/ Ca
Regression model 

w/ pH and Ca

Analyte n  Median PD
(range)

% Over
Estimated

 Median PD
(range)

% Over
Estimated

 Median PD
(range)

% Over
Estimated

 Median PD
(range)

% Over
Estimated

 Median PD
(range)

% Over
Estimated

 As 11 -1.62NS 73 -0.89NS 73 -0.04NS 56
(-12.95 to 0.71) (-9.08 to 0.79) (-4.57 to 0.89)

 Cd 13 -1.76b 85 -1.85NS 69 -1.52NS 69 -2.65a 69 -9.35c 92
(-21.39 to 0.85) (-6.43 to 0.50) (-6.25 to 0.51) (-6.89 to 0.33) (-25.93 to 0.01)

 Cu 17 -1.69b 82 -1.26b 76 -0.99b 82 -2.12c 82 -2.27c 94
(-43.82 to 0.88) (-19.25 to 0.69) (-18.80 to 0.73) (-26.89 to 0.56) (-32.26 to 0.56)

 Ni 10 0.60b 20 0.11NS 50 0.39a 30
(-1.23 to 0.90) (-0.60 to 0.98) (-1.65 to 0.89)

 Pb 23 -0.38NS 65 0.13NS 48 -0.91NS 52 -1.65a 78 0.96c 0
(-29.71 to 0.95) (-57.05 to 0.95) (-47.74 to 0.81) (-20.50 to 0.95) (0.05 to 1.00)

 Zn 19 -2.23b 89 -5.41NS 84 -5.43NS 84 -6.35a 84 -18.51c 100
(-24.67 to 0.48) (-10.49 to 0.56) (-13.46 to 0.46) (-12.42 to 0.47) (-68.66 to -2.94)

NS Estimate not significantly different from measured as determined by Wilcoxon signed-rank test.
a Estimate significantly different from measured as determined by Wilcoxon signed-rank test; p <0.05.
b Estimate significantly different from measured as determined by Wilcoxon signed-rank test; p<0.01.
c Estimate significantly different from measured as determined by Wilcoxon signed-rank test; p<0.001.
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No models were developed for Se as part of this study, but two were identified in the literature (Beyer et
al. 1987, Nielsen and Gissel-Nielsen 1975). While both models significantly (p>0.001) overestimated 100%
of measured values, the closest estimates were generated using the model from Beyer et al. (1987; Fig. 16).
Median (range) PD for estimates generated by the models from Beyer et al. (1987) and  Nielsen and Gissel-
Nielsen (1975) were -1.71 (-5.76 to -0.48) and -12.36 (-37.95 to -7.59), respectively.

Among conservative estimation methods, both the 90th percentile UF and the 95% UPL significantly
overestimated concentrations in earthworms for all analytes except Ni (Table 10). [Note: methods and
parameters for calculating the 95% UPL are presented in Appendix D]. The 95% UPL produced the best,
conservative estimate (i.e., smallest negative median and range PD) for Cd, Cu, Hg, PCB, and Zn with percent
overestimates ranging from 81% to 100% (Table 10). The best conservative estimates for concentrations of
As and Pb in earthworms were generated by the 90th percentile UF. Neither method produced a good
conservative estimate for Ni; percent overestimation did not exceed 50% for either method (Table 10). Because
a regression model could not be fit for Cr, only the 90th percentile UF was available for this analyte.

3.3 FINAL UFs AND MODELS

Final UFs and regression models, incorporating data from both the “model” and “validation” datasets,
were calculated for all analytes. UFs based on the combined dataset were, in general, similar to those based
only on the “model” dataset (Table 11). UFs for all analytes, except As and Ni, were lognormally distributed.
Median UFs for As, Cr, Cu, Mn, Pb, and Se were <1 while those for Cd, Hg, Zn, PCB, and TCDD were >1
(Table 11). However, for Ni, the median UF increased from 0.78 to 1.058 in the combined dataset. 

With the exception of Ni and Hg, results of simple regression analyses differed little between the “model”
and combined datasets. For Ni and Hg, significant model fits that had been obtained using the “model” dataset
were not obtained with the combined dataset (Table 12). For Se, using all 14 available observations did not
result in  a significant fit (Table 12). However, by excluding a single outlying observation (see Fig. 16), a
significant model fit was obtained (Table 12).

Among models that included soil pH, pH dropped out as a significant variable for Zn while entering as
a contributor for Cd; for Ni the model fit was no longer significant (Table 13). For models that include soil Ca,
soil Ca entered as a significant variable for Zn, while the chemical concentration in soil was significant for Cu
and Mn (Table 14). In the multiple regression models that included both soil pH and Ca, soil pH and intercept
dropped out as significant parameters for Cu and Pb, respectively, while soil Ca entered as significant for Zn
(Table 15). In virtually all cases, r2 values declined with the inclusion of the “validation” data in both the simple
linear and multiple regression models.

In addition to the analytes represented in both the “model” and “validation” datasets, another 20 analytes
were represented in the “validation” dataset but not in the “model” dataset. Summary statistics for UFs for
these analytes and scatterplots for chemicals with 5 or more observations are presented in Appendix C, Table
C-1 and Figs C-1 to C-4.
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Table 10. Comparison of quality of conservative estimation methods as determined by the
proportional deviation (PD) of the estimated values from measured values. 

PD = (measured-estimate)/measured. Negative PD values indicate overestimates while positive PD
values indicate underestimates.

90th Percentile UF
Upper 95% Prediction Limit 
for Simple regression model

Analyte N  Median PD
(range)

% Over
Estimated

 Median PD
(range)

% Over
Estimated

 As 17 -4.78a 82 -11.95c 100

(-92.53 to 0.43) (-195.78 to -0.29)

 Cd 112 -12.80c 99 -19.39c 90

(-259.89 to 0.29) (-155.63 to 0.33)

 Cr 19 -3.02a 79

(-40.89 to 0.76)

 Cu 94 -4.43c 99 -1.69c 97

(-983.23 to 0.58) (-53.16 to 0.25)

 Hg 15 -55.09c 100 -13.81c 100

(-1008.09 to -0.85) (-54.82 to -0.56)

 Mn 20 -3.22c 100 -2.50b 90

(-12.18 to -0.30) (-10.27 to 0.42)

 Ni 14 0.025NS 50 0.16NS 43

(-49.02 to 0.76) (-3.64 to 0.99)

 PCB 16 -12.43c 100 -3.23a 81

(-145.84 to -0.0442) (-72.33 to 0.61)

 Pb 126 -12.57c 100 -20.74 c 100

(-11362 to -0.006) (-12021 to -0.36)

 Zn 121 -7.71c 100 -2.49c 100

(-788.29 to -1.10) (-37.65 to -0.09)
NS Estimate not significantly different from measured as determined by Wilcoxon signed-rank test.
a Estimate significantly different from measured as determined by Wilcoxon signed-rank test; p <0.05.
b Estimate significantly different from measured as determined by Wilcoxon signed-rank test; p<0.01.
c Estimate significantly different from measured as determined by Wilcoxon signed-rank test; p<0.001.



Table 11. Summary statistics for literature-derived soil-earthworm UFs following inclusion of validation data

Analyte N
(Studies)

N
(Observations)

Mean
Standard
Deviation Minimu

m
Median

90th
Percentile Maximum

Mean of
Natural Log-
transformed

values

Standard
Deviation of
Natural Log-
transformed

values
Distribution

As 4 53 0.258 0.236 0.006 0.224 0.523 0.925 -1.913 1.232 normal

Cd 21 226 17.105 29.389 0.253 7.708 40.690 190.000 2.036 1.245 lognormal

Cr 6 67 1.099 1.987 0.021 0.306 3.162 11.416 -1.139 1.637 lognormal

Cu 16 197 0.754 0.804 0.002 0.515 1.531 5.492 -0.759 1.130 lognormal

Hg 5 30 5.231 8.896 0.030 1.693 20.625 33.000 0.171 2.044 lognormal

Mn 3 36 0.064 0.047 0.012 0.054 0.124 0.228 -2.986 0.708 lognormal

Ni 4 31 1.656 1.850 0.033 1.059 4.730 7.802 -0.251 1.515 normal

Pb 20 245 3.342 18.822 0.000 0.266 1.522 228.261 -1.181 1.723 lognormal

Se 1 14 1.798 3.325 0.300 0.985 1.340 13.733 -0.018 0.859 lognormal

Zn 20 244 5.766 8.415 0.025 3.201 12.885 49.510 0.909 1.501 lognormal

PCB 3 32 8.909 12.118 0.000 6.667 15.909 65.227 1.458 1.440 lognormal

TCDD 2 19 11.740 9.808 1.191 11.011 22.229 42.068 2.113 0.892 lognormal
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Table 12. Results of regression of ln (earthworm) on ln (soil) following inclusion of validation data
N B0±SE B1±SE R2 P model fit

As 53 -1.421±0.327c 0.706±0.169c 0.26 0.0001

Cd 226 2.114±0.079c 0.795±0.037c 0.67 0.0001

Cr 67 2.481±0.581c -0.067±0.165NS 0.0026 0.68

Cu 197 1.675±0.141c 0.264±0.040c 0.18 0.0001

Hg 30 -0.684±0.198b 0.118±0.089NS 0.06 0.19

Mn 36 -0.809±1.121NS 0.682±0.163c 0.34 0.0002

Ni 31 3.677±0.635c -0.260±0.196NS 0.06 0.19

Pb 245 -0.218±0.245NS 0.807±0.044c 0.58 0.0001

Se (w/ outlier) 14 0.346±0.291NS 0.253±0.397NS 0.03 0.53

Se (w/o outlier) 13 -0.075±0.194NS 0.733±0.256a 0.43 0.016

Zn 244 4.449±0.132c 0.328±0.024c 0.45 0.0001

PCB 31 1.410±0.210c 1.361±0.088c 0.89 0.0001

TCDD 19      3.533±0.810c          1.182±
0.074c

0.94 0.0001

model:   ln(earthworm)=B0+B1(ln[soil])
NS Not Significant:  p>0.05.
a p<0.05.
b p<0.01.
c p<0.001.

Table 13. Results of regression of ln (earthworm) on ln (soil )and pH following inclusion of 
validation data
Analyte N B0±SE B1±SE B2±SE R2 P model fit

As 47 -0.185±0.996NS 0.993±0.171c -0.291±0.173NS 0.43 0.0001

Cd 87 4.249±0.580c 0.553±0.045c -0.237±0.095a 0.64 0.0001

Cu 100 2.262±0.447c 0.337±0.0580c -0.149±0.078NS 0.26 0.0001

Ni 23 2.014±0.999NS -0.118±0.289NS 0.229±0.126NS 0.14 0.23

Pb 103 5.459±1.129c 0.841±0.086c -0.975±0.194c 0.51 0.0001

Zn 105 4.618±0.482c 0.316±0.039c -0.006±0.079NS 0.39 0.0001
model:  ln(earthworm)=B0+B1(ln[soil])+B2(pH)
NS Not Significant:  p>0.05.
a p<0.05.
b p<0.01.
c p<0.001.
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Table 14. Results of regression of ln (earthworm) on ln (soil) and ln (soil Ca)
following inclusion of validation data

Analyte N B0±SE B1±SE B2±SE R2 P model fit

Cd 73 6.154±0.707c 0.878±0.082c -0.474±0.096c 0.72 0.0001

Cu 53 1.998±0.605b 0.248±0.120a -0.062±0.111NS 0.13 0.027

Mn 32 1.139±1.793NS 0.528±0.179b -0.113±0.117NS 0.3 0.006

Pb 67 -0.120±0.855NS 1.324±0.087c -0.461±0.104c 0.79 0.0001

Zn 77 6.001±0.510c 0.532±0.073c -0.359±0.097c 0.5 0.0001
model:  ln(earthworm)=B0+B1(ln[soil])+B2(ln[soil Ca])
NS Not Significant:  p>0.05.
a p<0.05.
b p<0.01.
c p<0.001.

Table 15. Results of regression of ln (earthworm) on ln (soil), ln (soil Ca), and pH 
following inclusion of validation data

Analyte N B0±SE B1±SE B2±SE B3±SE R2 P model
fit

Cd 42 6.435±1.316c 0.860±0.131c -0.477±0.175b -0.032±0.179NS 0.74 0.0001

Cu 44 2.022±1.011NS 0.498±0.154b -0.128±0.135NS -0.021±0.187NS 0.31 0.002

Pb 35 2.453±1.414NS 1.176±0.097c 0.055±0.173NS -0.934±0.300b 0.88 0.0001

Zn 48 3.206±1.027b 0.814±0.114b -0.865±0.190c 0.832±0.237b 0.63 0.0001
model:  ln(earthworm)=B0+B1(ln[soil])+B2(ln[soil Ca])+B3(pH)
NS Not Significant:  p>0.05.
a p<0.05.
b p<0.01.
c p<0.001.
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4. DISCUSSION

In this study, we used published data to develop UFs and regression models to describe the
bioaccumulation of 9 inorganic and 2 organic chemicals by earthworms from soil. Our UFs are
comparable to other, independent UFs reported in the literature; mean UFs for 11 chemicals fell
generally within the range of UFs developed in this study (Table 16). In some cases mean literature
UFs are virtually identical to those derived in this study (e.g., Cd, Cu, Fe; Table 16). Mean UFs that
fell outside the range derived in our study included Mn and V reported in Braunschweiler (1996) and
Fe reported in Ma (1982; Table 16). It should be noted that the data available for UF development for
these analytes in our study was limited. In the cases of Fe and V, data were restricted to a single study
from one location, the ORR in Tennessee. Lack of comparability may relate to the fact that UFs were
based on non-overlapping ranges of soil concentrations. For example, the range of Fe concentrations
considered by Ma (1982) was <5,000 to ~50,000 mg/kg, while that in our study was 200 to 1800
mg/kg.

Table 16. Comparison of mean UFs reported in literaturea to those from this study
Reference UFs from this study

Analyte Braunschweiler
1996

Emmerling 
et al. 1997

Pascoe et
al. 1996

Hendriks 
et al. 1995

Spurgeon
and Hopkins

1996

Ma
1982

Mean Range

Al 0.011 0.053 0.008 - 0.20

As 0.162 0.258 0.006 - 0.93

Cd 9.7 36.5 3.78 9.6 23.43 42.2 17.12 0.253 - 190

Cr 0.072 1.1 0.02 - 11.4

Cu 0.76 0.132 0.31 0.74 0.867 0.75 0.002 - 5.2

Fe 0.038 0.203 0.038 0.006 - 0.1

Hg 1.2 5.23 0.03 - 33

Mn 0.29 0.11 0.177 0.064 0.012 - 0.23

Pb 0.38 0.089 0.28 0.932 3.34 0 - 228

Ni 0.13 0.346 1.66 0.033 - 7.8

V 0.12 0.039 0 - 0.088

Zn 3.4 4.8 0.544 1.8 2.08 16.117 5.77 0.025 - 49.5
a These studies were not used for model development because no raw data were presented. Only mean UFs were
reported by the authors.

Regression models developed in our study are also comparable to others reported in the literature.
Slopes from log-regression models for five chemicals obtained from four published studies generally
fell within, or just outside of the 95% confidence limits for the slopes for simple regression models
from our study (Table 17). The only exception to this rule is Ni, which is discussed in more detail in
Table 17. 
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Table 17. Comparison of slopes from log-regression models from the literature 
to those from this study

Analyte

Spurgeon
and Hopkin

1996

Corp and
Morgan

1991
Ma et al.

1983
Neuhauser
et al. 1995

This study

slope±SE

Lower 95%
Confidence

Limit

Upper 95%
Confidence

Limit

Cd 0.45 0.55 0.49 0.66 0.55±0.03 0.484 0.616

Cu 0.45 0.29 0.34 0.57 0.26±0.04 0.182 0.338

Ni 0.98 -1.58±0.31 -2.188 -0.972

Pb 0.64 0.64 0.99 0.74 0.8±0.04 0.714 0.886

Zn 0.22 0.29 0.24 0.27 0.24±0.02 0.193 0.287

Following model development, we used independent data, derived from the ORR and from
published studies, to validate UFs and models produced in our study and by other researchers.
Chemical concentrations in earthworms were best estimated by simple ln-ln regression models for 8
of 10 analytes (As, Cd, Cu, Hg, Mn, Pb, Zn, and PCB) for which models were developed and
validation data were available. (It should be noted that the model that best estimated Cd concentrations
in earthworms was from Neuhauser et al. (1995) and not the current study.) Exceptions were Cr and
Ni, for which  no estimation method worked well. 

The observation that simple ln-ln regression models best fit the data indicates that the
bioaccumulation of contaminants by earthworms decreases as soil concentrations increase.  Similar
conclusions are reported by Neuhauser et al. (1995). Mechanisms for this decrease in accumulation
may include an increase in elimination rate as soil concentration increases or toxicity. Terhivuo et al.
(1994) observed higher uptake rates for Pb among earthworms from uncontaminated sites than was
observed for Pb-contaminated soils adjacent to a smelter. They suggest that while earthworms from
uncontaminated areas are unable to regulate Pb uptake, earthworms residing in contaminated soils
“acclimatize” and develop mechanisms to regulate Pb. Fordham and Wilber (1992) observed that
bioaccumulation was lower while mortality was higher among earthworms in sewage-sludge-amended
soils with increasing concentrations of Cd and Pb. An increase in toxicity at higher soil concentrations
was suggested as a possible explanation for the decrease in accumulation.

In comparison to ln-ln regression models, the assumption implicit with UFs, that the rate of
uptake is constant across all soil concentrations, is clearly not supported by the validation data. The
results of our analysis argue for a shift away from the use of simplistic UFs and toward the application
of more appropriate, biologically relevant models of bioaccumulation.

In a recent study, Abdul Rada and Bouche (1995) sampled and analyzed Cd, Cu, Ni, Pb, and Zn
content in soil and earthworms from 186 locations across France. Although they used data  similar to
the published data we used (e.g., co-located soil and earthworm samples, strong acid extractions, and
total chemical analysis), Abdul Rada and Bouche (1995) concluded that despite some correlation
between soil analyses and chemical content in earthworms, contaminant levels in earthworms could
not be predicted from concentrations in soil. The primary reason for this conclusion could be the lack
of an adequately large range of soil concentrations. For example, in their study, maximum Cd and Pb
concentrations were 8 and 9000 mg/kg, respectively. In contrast, our models for Cd and Pb were based
on data with maximum soil concentrations of 467 and  24550 mg/kg, respectively. Development of
models based on broader ranges of soil concentrations allows patterns of uptake to be observed that
may not be evident across more narrow ranges of soil concentrations. 
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Other researchers have found that other soil parameters such as soil pH and soil Ca concentration
may influence uptake of certain chemicals by earthworms. For example, Beyer et al. (1987) observed
that, in addition to soil organic matter and Mg content, Pb uptake was inversely correlated to soil pH.
Corp and Morgan (1991) also report an inverse relation between Pb uptake and pH. Pb uptake has
also been found to be inversely correlated to soil Ca (Morris and Morgan 1986, Morgan and Morgan
1991). Ma (1987) observed that bioaccumulation of both Pb and Cd increased at lower pH. As would
be expected, because data from these studies were included in our database, we obtained similar
results. 

However, while inclusion of these additional variables may help describe uptake of contaminants
by earthworms, we found that their utility in predicting concentrations was marginal. Models that
included soil Ca or both soil Ca and pH produced poorer estimates than the simple regression models.
While models that included pH produced better estimates for As, Cd, and Cu, only for As was there
a significant difference between simple and multiple regression estimates. Due to a limited number of
observations in the “validation” dataset that possessed all the needed measurements, conclusions
concerning the utility or lack thereof for these multiple regression models, however, must be viewed
with caution. Additional validation of these models, using data representing more locations and soil
conditions, is needed.

Available data indicate that Cr concentrations in earthworms are poorly predicted by soil Cr
concentrations. The bioaccumulation of Cr is highly dependent on chemical species; Cr+6 is more
bioavailable than Cr +3 (Eisler 1986). Because information concerning Cr species in soil was not
available for any study considered and therefore was not included in models or UFs, the lack of fit we
observed may be related to differences in Cr speciation in soil. Additional research focusing on the
potential influence of Cr speciation on bioavailability and bioaccumulation in earthworms is needed.

Prediction of Ni concentrations in earthworms was also problematic. Available data are
contradictory. For example, field data collected by Neuhauser et al. (1995) indicated a significant,
positive relationship between soil Ni and concentrations in earthworm tissues. In contrast, no
correlation between soil Ni and concentrations in earthworm tissues was observed by Abdul Rada and
Bouche (1995) and Beyer et al. (1982), while combined data from other studies indicated a negative
relationship (Neuhauser et al. 1995, this study). Neuhauser et al. (1995) attributes the lack of
agreement among studies to the narrow ranges of soil Ni concentrations considered (most, including
this one, are based on soil Ni of #60 mg/kg) or variability in depuration times. Our results also suggest
that soil pH may influence Ni accumulation by earthworms. Despite producing estimates that differed
significantly from measured values (Table 9), the distribution of estimates from the multiple regression
model that included pH more closely reflect the distribution of measured values than estimates
generated by any other method (Fig. 13). Additional research is needed to investigate the influence of
soil pH on bioaccumulation of Ni by earthworms.

The models and UFs we developed are very generalized, representing multiple earthworm species,
seasons, and soil types and characteristics. Contaminant uptake has been shown to differ by earthworm
species (Morgan and Morgan 1993, Terhivuo et al. 1994, Spurgeon and Hopkins 1996). Contaminant
uptake may also differ seasonally. Morgan and Morgan (1993) report Cd and Zn concentrations to be
lower during diapause than in “active” worms. Bengtsson and Rundgren (1992) observed lower uptake
rates for Pb during winter. Similar seasonal variation in contaminant concentration in earthworm
tissues is reported by Braunsweiler (1996). As a consequence of the generalized nature of the UFs and
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models, uncertainty associated with estimates generated for a given location may be high. Uncertainty
associated with estimated concentrations in earthworms could be reduced if future models are
developed to incorporate these sources of variation. 

Co-occurring chemicals in soil may also influence bioaccumulation. For example, Beyer et al.
(1982) observed that while soil Cd accounted for 87% of the variability of Cd in earthworms, inclusion
of Zn in the model significantly improved the model fit and accounted for an additional 5% of
variability. Soil Zn was negatively correlated with Cd in worms. Other regression models developed
by Beyer et al. (1987) indicate that Cu concentrations in earthworms are a function of decreasing soil
Ca and increasing soil K, and that Se concentrations in earthworms are a function of increasing Ca
in soil. In neither case did Cu or Se contribute significantly to explaining bioaccumulation. Because
multiple analytes are present at most contaminated sites, uncertainty may be reduced by incorporating
multiple analytes in bioaccumulation models.
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5. RECOMMENDATIONS

In the context of an ecological risk assessment, the best data to use to estimate bioaccumulation
of contaminants in soil by earthworms will always be site-specific data. Ideally, earthworms should
be collected from multiple areas within the contaminated site and from reference areas (preferably at
locations where soil samples are also collected), and analyses for contaminants of concern in
earthworm tissue should be performed. In the absence of site-specific data, UFs or models should be
used.

 Because the available data indicate that bioaccumulation by earthworms is non-linear, decreasing
as soil concentration increases, and UFs implicitly assume that accumulation is linear and constant
across all soil concentrations, the use of log-linear regression models to estimate earthworm
bioaccumulation is recommended. For  applications where conservative estimates are desired, such as
screening ecological risk assessments, the 95% UPL for the simple regression is recommended.
Methods and parameters for calculating the 95% UPL are presented in Appendix D. In general,
because they are based on a larger, more robust dataset, the regression models and UFs from the
combined datasets (Tables 11 through 15) should be used.  Due to the uncertainties associated with
the models, it is highly recommended that users perform uncertainty analyses. It should be noted that,
because the models incorporate data from multiple sites and species, as well as multiple studies, these
calculated uncertainties would represent variance among sites and combinations of species and not
simply lack of knowledge (i.e., true uncertainty). Contaminant-specific recommendations and
justifications are outlined in Table 18.

Table 18. Recommended application of bioaccumulation models. All recommendations are
from the combined validation dataset unless otherwise noted

Analyte For general estimates
For conservative

estimates

As simple regression or multiple regression that includes
pH 

90th percentile UF 

Cd simple regression or model from Neuhauser et al. (1995) 95% UPL

Cr Nonea 90th percentile UF 

Cu simple regression 95% UPL

Hg simple regression based on model data b 95% UPL

Mn simple regression 95% UPL

Ni None a 90th percentile UF 

Pb simple regression 90th percentile UF 

Se simple regression with outlyer removed c 95% UPL

Zn simple regression 95% UPL

PCB simple regression 95% UPL

TCDD simple regression 95% UPL



Table 18. (cont.)
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Analyte For general estimates
For conservative

estimates

Analytes in
Appendix C

median UF d 90th percentile UFd

a None recommended because no method accurately predicted bioaccumulation.
b Recommended because addition of validation data resulted in non-significant model.
c Recommended because significant model fit was obtained with outlying value removed.
d Recommended because regression analyses were not performed.
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